Various studies have implied the existence of a gaseous halo around the Galaxy extending out to ∼ 100 kpc. Galactic cosmic rays that propagate to the halo, either by diffusion or by convection with the possibly existing large-scale Galactic wind, can interact with the gas there and produce gammarays via proton-proton collision. We calculate the gamma-ray flux based on the recent studies on gas distribution in the halo, and find that the current measurement of isotropic gamma-ray background at TeV with Fermi Large Area Telescope already approaches a level that may provide interesting constraints on the properties of Galactic cosmic ray. The resulting Galactic cosmic ray luminosity in some cases is smaller than that estimated with a cosmic-ray free-escape boundary in our Galaxy. Given that the isotropic gamma-ray background is likely to be dominated by unresolved extragalactic sources, future telescopes may extract more individual sources from the IGRB, and hence put even more stringent restriction on the Galactic cosmic ray luminosity in the presence of a turbulent halo that we consider. We also discuss the possibilities of the Fermi bubble and IceCube neutrinos originating from the proton-proton collision between cosmic rays and gas in the halo, as well as the implication of our results for the baryon budget of the hot circumgalactic medium of our Galaxy.
INTRODUCTION
The question that how much cosmic-ray (CR) luminosity of our Galaxy is needed to maintain the observed CR flux was firstly raised by (Ginzburg & Syrovatskii 1964) . Based on the measurement of the local CR energy density and the "grammage", the CR luminosity of our Galaxy above 1 GeV is usually found to be 3 × 10 40 erg/s < L CR < 3 × 10 41 erg/s in the framework of the leaky-box model (Ginzburg & Syrovatskii 1964; Drury et al. 1989; Berezinskii et al. 1990; Dogiel et al. 2002; Strong et al. 2010; O'C. Drury 2017) , where the uncertainty is subject to the statistical error in measurement and the selection of the CR propagation model. The estimated value of the CR luminosity provides an important clue to the species of the CR accelerators and their efficiency.
CRs can be studied through gamma-rays produced in the hadronuclear interaction or proton-proton collision (hereafter pp collision) between CRs and baryon gases. This method has been widely used among the community, for example, to derive the CR distribution in the Galactic plane (e.g. Abdo et al. 2009 ) or as indicators of CR accelerators (e.g. Ackermann et al. 2013; HESS Collaboration et al. 2016) . Interestingly, recent observations of ion absorption lines against background quasars (e.g. Nicastro et al. 2002; Rasmussen et al. 2003; Miller & Bregman 2013; Fang et al. 2015; Zheng et al. 2017 ) and emission lines (e.g. Henley & Shelton 2012 Miller & Bregman 2015) at high Galactic latitudes along different line-of-sights imply the total mass of the hot baryon gas is several times 10 10 M ⊙ within the viral radius (250 kpc) of the Galaxy, which is also supported by various indirect observations (e.g. Stanimirović et al. 2002; Fox et al. 2005; Grcevich & Putman 2009; Putman et al. 2011) . These circumgalactic medium (CGM), serving as a target of baryons, can interact with CRs that escape our Galaxy at past via the pp collision and give rise to gamma-ray photons. The produced gamma-ray photons at high Galactic latitudes will be counted in the isotropic gamma-ray background (IGRB, Ackermann et al. 2015) .
The pp collision between the gas and cosmic rays including the consequent production of secondary gammarays (as well as neutrinos) in the Galactic halo has been studied before (Feldmann et al. 2013; Ahlers & Murase 2014; Taylor et al. 2014; Kalashev & Troitsky 2016) . The measurement of the IGRB above 100 GeV has been done after some of these works and we will show that this new measurement is useful to constrain the properties of the Galactic cosmic rays. Also, in this work, we will include the effect of the convection by the large-scale Galactic wind that might exist, the subsequent adiabatic cooling of CRs in the wind, and a simple geometry of our Galaxy. We will show that an independent constraint on the Galactic CR injection may be obtained from the IGRB flux at TeV energy measured by Fermi Large Area Telescope (Fermi-LAT) .
This paper is organized as follows. We calculate the cosmic ray distribution and the gamma-ray production in the halo in Section 2. In Section 3, the results are presented and the constraint on the Galactic CR luminosity is discussed. We discuss the anisotropy of the gamma-ray intensity, the neutrino emission and the baryon budget of the Galaxy in Section 4 and summarize the work in Section 5.
COSMIC RAY PROPAGATION AND GAMMA-RAY

PRODUCTION
The transport of CRs injected from a point source is regulated by the equation (Berezinsky & Gazizov 2006) 
(1) where n(r, E, t) is the differential density of CRs at time t and at r = (x, y, z) which is the Cartesian coordinates of a certain position in space measured in the comoving frame. r g is the coordinates of the point source. We define the coordinates of the Galactic center and the Earth to be r C = (0, 0, 0) and r E = (8.5 kpc, 0, 0) respectively, and t = 0 at the present time.
The second term represents the effect of the convection by a large-scale Galactic wind which could be launched by various mechanisms (e.g. Breitschwerdt et al. 1991; Zirakashvili et al. 1996; Dubois & Teyssier 2008; Hanasz et al. 2013) . v w is the velocity of the wind, and we assume it a constant of only radial component for simplicity. The third term considers the CR diffusion with the diffusion coefficient D(E) = cl mfp (E)/3, where l mfp is the mean free path of CRs. The diffusion coefficient in the halo is an important parameter to our calculation but, unfortunately, there is still some uncertainties. As a benchmark, the diffusion coefficient for the halo is taken from Yan & Lazarian (2008) , which is based on the current understanding of the Galactic turbulence and calculated with nonlinear theory, as is shown in Fig. 1 . We will discuss in detail the dependence of our result on it below. For simplicity, the diffusion coefficient is assumed to be independent both on time and space. Note that in addition to convection and diffusion, CRs may also stream down their pressure gradient by scattering off self-excited Alfvén waves (e.g. Kulsrud & Pearce 1969; Skilling 1971) . However, as pointed out in earlier studies (Yan & Lazarian 2002; Farmer & Goldreich 2004) , the streaming instability may be suppressed in the presence of external turbulences due to the nonlinear wave-wave interaction or suppressed by the Landau damping in the hot plasma. Particularly, for our mainly concerned several TeV CRs, due to the low CR density at such high energy, the slow growth rate of the Alfvén wave makes the effect of CR streaming instability negligible and thus we do not consider it in the calculation.
The last term on the left-hand side describes the effect of continuous energy loss where b(E, t) = − dE dt = κσ pp (E)n(r)cE + (v w /r + H(t))E is the energy loss rate due to pp collision and the adiabatic expansion of the wind and the universe. H(t) is the Hubble parameter at a cosmological epoch t for a flat universe. κ ≃ 0.5 is the inelasticity of the pp collision and σ pp is the cross section. n g (r) the gas density profile in the halo. Given a density of 10 −3 − 10 −5 cm −3 in the halo, we expect the energy loss dominated by the adiabatic loss due to either the expansion of the Galactic wind or the expansion of the universe if the Galactic wind is absent (see Fig. 1 ). Nevertheless, the gas density is important to the gamma-ray production since it is proportional to the pp collision rate. Miller & Bregman (2015) analyzed the O VII and O VIII emission lines considering different plasma conditions in the halo, and obtained a total mass of the hot gas within the virial radius ranging from 2.7 × 10 10 M ⊙ to 9.1 × 10 10 M ⊙ under the best-fit parameters. We then employ two gas density profiles in our calculation, which correspond to the lower bound of the total gas mass, i.e., n g (r) = 0.045(r/1kpc) −1.62 cm −3 (hereafter, model A), and the upper bound of total gas mass, i.e., n g (r) = 0.023(r/1kpc) −1.23 (hereafter, model B) obtained in their work. Note that the gas density depends on the metallicity which is assumed to be Z = 0.3Z ⊙ where Z ⊙ is the solar metallicity. This assumption is consistent with the residual pulsar dispersion measure toward the Large Magellanic cloud (Miller & Bregman 2015) and simulations of Galactic corona (Toft et al. 2002; Cen & Ostriker 2006; Cen 2012) .
The term on the right-hand side of the equation represents the injection of CRs, which are assumed to consist of pure protons in this work, from a point source located at r g . Q(E, t) = S(t)Q 0 (E) is the injection rate of CRs at time t, where S(t) describes the CR injection history and Q 0 (E) = N 0 (E/1 GeV) −p is the injection rate at today. Since CRs are generally believed to be accelerated via strong shocks of supernova remnants, we assume that the CR injection history follow roughly the star formation history (SFH) of the Galaxy. Snaith et al. (2015) derived the SFH of our Galaxy by fitting their chemical evolution model to a large sample of stellar abundances and we adopt this one for S(t) which is shown in Fig. 1 . Our adopted SFH is also consistent in general with the SFH for Milky Way-sized galaxies derived from abundance matching techniques (Behroozi+2013). Given the present CR luminosity to be L CR,0 and assume CRs are injected homogeneously from the Galactic plane with a radius of R Gal = 15 kpc and a negligible thickness (i.e., r g = (x g , y g , 0) with x 2 g + y 2 g < 15 kpc), we can find
We note that the source of CRs from the Galactic plane is probably not homogeneously distributed and the disk size also evolves with redshift. However, since we are concerned with the CR distribution in a 100 kpc scale halo, the dependence on the distribution of CR sources in the Galactic plane or on the disk size is not significant.
Following the method of (Berezinsky & Gazizov 2006) to solve the equation in the Fourier space and transform it back to real space, we obtain the analytical solution of Eq. (1) for a point source located at r g n(t, r, E; r g ) = π
) means the energy of a CR at time t ′′ or t ′ which has energy E at the present time. The above solution is the CR density from a point source at r g , so we need to further integrate over the Galactic plane in order to obtain the contribution from the whole Galaxy. -Quantities relevant to calculation: top left: density profile of hot gas in the halo; top right: cooling time scale due to pp collision (solid lines) and adiabatic loss due to the expansion of the Universe (dashed lines) and due to the expansion of the Galactic wind (dotted line); bottom left: diffusion coefficient in the halo obtained by (Yan & Lazarian 2008) , the usually adopted form of diffusion coefficient in Galactic disk D(E) = 10 28 (E/3 GeV) 1/3 cm 2 s −1 is also plotted for reference; bottom right: SFH obtained by (Snaith et al. 2015) , normalized to the SFR at present day.
We set the earliest injection of CRs started at 12 Gyr ago (i.e., t g = −12 Gyr). Then, we can obtain the CR density distribution in the halo at present time (t = 0)
In Fig. 2 , we show the distribution of 1 TeV CR energy density along the z−direction, i.e., the axis perpendicular to the Galactic plane passing through the Galactic center (GC) at r C (black curves), the one passing through the Earth at r E = (blue curves), and the one passing through the edge of the Galactic plane at (15kpc, 0, 0) (red curves). We can see that in the presence of a large scale Galactic wind, more CRs are transported to outer halo than in the case of no Galactic wind. The drop of CRs energy density near the Galactic center (black solid curve at small z) is due to strong adiabatic loss at small Galactocentric radius.
Once we have the CR distribution and gas distribution in the halo, we can calculate the gamma-ray emissivity (GeV cm −3 s −1 ) at r, which is denoted by
following the semi-analytic method developed by (Kelner et al. 2006) , where F γ is the spectrum of the -Distributions of CR energy density at the present time at 1 TeV along the axes perpendicular to the Galactic plane, passing through the GC (i.e., point (0, 0, 0), black curves), the earth (i.e., point (8.5kpc, 0, 0), green curves) and the edge of the Galactic plane (i.e., point (15kpc, 0, 0), red curves). The solid and dotted curves respectively represent the cases with the presence of a large-scale radial Galactic wind of vw = 300 km/s and without the presence of the wind.
secondary gamma-ray in a single collision. The total gamma-ray flux average over the solid angle at the Earth can then be given by
where θ(x) is the Heaviside function. The term in the square bracket is to subtract the emission inside the Galaxy which is regarded as a cylinder with a radius of 15 kpc and a half height of 3 kpc above and below the Galactic plane, while the last Heaviside function is to subtract the low-latitude (Galactic latitude |b| < 20 • ) emission following the measurement of IGRB by Fermi-LAT ). That's also the reason that the term 1 − cos 70
• appears in the denominator of the prefactor of the integration when we average the total flux over the solid angle. Note that given a diffusion coefficient of 10 29 cm 2 /s, we expect CRs can diffuse to a distance of 2 √ D∆t ≃ 100 kpc with a propagation time of ∆t = 12 Gyr, so we only sum up the emission out to |r| = 100 kpc. Although CRs can travel to a much larger distance in the presence of a Galactic wind, the contribution from larger distances should be subdominant since both the CR density and the gas density are very low there.
In the calculation of gamma-ray flux, we do not consider the contribution of secondary electrons produced in the pp collision via the decay of charged pions which can emit gamma-rays by inverse Compton scattering off CMB photons. This is because, first, the electron production rate is about half of the gamma-ray production rate in the pp collision of the same parent protons. And, second, to emit TeV photons via inverse Compton scattering off CMB photons, the electron energy needs to be about 10 TeV, which are produced by about 200 TeV protons in pp collisions, while the required energy of protons that produce TeV photons is about 10 TeV. Thus, the gamma-ray flux from the secondary electrons is subordinate unless the injection spectrum is hard (i.e., p < 2). We also neglect the contribution from electrons produced in the electromagnetic cascades initiated by the highenergy photons propagating in the CMB and infrared photon field. This is because that the mean free path of 20 TeV photons that produce 10 TeV electron/positron pairs is about 100 Mpc (e.g. Coppi & Aharonian 1997) , which is much larger than the size of the Galactic halo.
GAMMA-RAY FLUX AND THE CONSTRAINT ON THE GALACTIC CR LUMINOSITY
In Fig. 3 , we show the diffuse gamma-ray flux from the halo in different cases. The effect of the gas content in the halo can be seen by comparing the black solid curve and black dashed curve. The gas density model B (M g = 9.1×10 10 M ⊙ ) provides more target atoms for pp collision than the gas density model A (M g = 2.7 × 10 10 M ⊙ ) by a factor of 3. As a result, the gamma-ray flux in the former case is naturally higher than that in the latter case.
For the employed benchmark diffusion co- Compared to the pure diffusion case, the presence of a Galactic wind will transport CRs to farther distances within the same amount of time. The adiabatic cooling of CRs in the expanding wind also leads to an extra energy loss of CRs especially at small Galactocentric radius. While these two effects will reduce the resultant gamma-ray flux, we note that our assumption of a constant radial Galactic wind may underestimate the gamma-ray flux. In fact, whether a large-scale Galactic wind can be launched is still uncertain (e.g. Dubois & Teyssier 2008) . On the other hand, the wind velocity is probably perpendicular to the Galactic plane at z 15 kpc rather than radial so that CRs will not suffer adiabatic loss (although the wind may open to a spherical shape at large Galactocentric radius, see Zirakashvili et al. 1996; Recchia et al. 2016) . Also, the profile of the wind speed is unlikely to be a constant. According to the calculations in previous literature (e.g. Breitschwerdt et al. 1991; Zirakashvili et al. 1996; Recchia et al. 2016) , the wind speed varies with the distance to the Galactic plane and in most region the wind speed is smaller than 300 km/s, especially near the Galactic plane (see also Taylor & Giacinti 2017) . In addition, cosmological simulations suggest a weaker Galactic wind at earlier time (Vogelsberger et al. 2013; Muratov et al. 2015) . Apparently, our assumption of the Galactic wind leads to an unrealistically efficient adiabatic loss of CRs at small Galactocentric radius and an overly fast transport of CRs to outer halo by the wind. Nevertheless, the assumption of a constant wind enables a simple analytic solution to the CR transport equation (Eq. (2) ). Thus, instead of employing a more realistic Galactic wind, we show the gamma-ray flux in the assumption that no Galactic wind is launched (the dotted curve), and expect that the gamma-ray flux should be between that in the case of v w = 300 km/s and that in the "no wind" case if considering a more realistic Galactic wind. In previous studies (Feldmann et al. 2013; Kalashev & Troitsky 2016) , the authors did not consider the Galactic wind. The gamma-ray flux in our "no wind" case is comparable to their results although they adopted a higher gas density while we adopted a smaller diffusion coefficient.
The gamma-ray flux is sensitive to the injection spectrum of CRs. Comparing the black solid curve to the red solid curve, we can see the flux at the highest energy bin decreases by a factor of 3 when p changes from 2.2 to 2.4. Also, it is obvious that the flux should be proportional to the total CR luminosity at the present time L CR,0 . Note that the predicted gamma-ray flux is not supposed to overshoot the measured IGRB flux, so the upper limit at the highest energy bin (580 − 820) GeV 6 provides a constraint on the properties of injected CRs.
Note that the diffusion coefficient is an important parameter to the result as we mentioned earlier, since the flux is roughly proportional to 1/D in the region where diffusion dominates the CR transportation. For reference, we show the gamma-ray flux by applying the diffusion coefficient D(E) = 10
28 (E/1 GeV) 1/3 cm 2 /s to the entire halo (green dotted curve in Fig. 3) . A comparable gamma-ray flux at TeV is obtained since the diffusion coefficient for 10 TeV CRs are similar, but the GeV gamma-ray emission with this diffusion coefficient is higher since it is one order of magnitude smaller than that obtained by Yan & Lazarian (2008) below < 10 GeV. The employed benchmark diffusion coefficient (Yan & Lazarian 2008 ) is calculated based on the condition of turbulence in the inner halo (r 10 kpc, with n ∼ 10 −3 cm −3 , B ∼ µG, T ∼ 10 6 K, turbulence injection scale L ∼ 100pc) and results in an diffusion coefficient of 10 29 cm 2 s −1 for CRs of 10 TeV which is close to the diffusion coefficient in the Galactic disk. This is consistent with what were obtained from previous studies on the 10 kpc radio halo/extended disks of our Galaxy and nearby spiral galaxies (e.g. Orlando & Strong 2013; Mulcahy et al. 2016; Heesen et al. 2018 ). However, the diffusion coefficient in the extended halo or outer halo is less known. On one hand, the external turbulence might be much weaker and hence the diffusion coefficient could become larger at outer halo, if the injection of turbulence in the halo is from the Galactic plane. On the other hand, the streaming instability of CRs then may operate and regulate the transport of CRs of energy up to even multi-TeV energies, if the external turbulence is very weak and there is no damping of the self-generated Alfvén wave.
Given the uncertainty of the diffusion coefficient in the outer halo, we study the dependence of the constraint on the diffusion coefficient. Since our treatment 6 The flux measured in the highest energy bin is consistent with zero within the 1σ uncertainty range. The position of the upper limit corresponds to the upper bound of the 1σ uncertainty interval or approximately 85% C.L. upper limit. Note that the gamma-ray data points shown in Fig. 3 is according to the foreground model A in Ackermann et al. (2015) , the IGRB flux at the highest energy bin under other foreground models can be increased by about a factor of ∼ 1.5. Fig. 4. -The maximum CR luminosity that will not overshoot the IGRB upper limit at 700 GeV as a function of the diffusion coefficient in the halo. The diffusion coefficient is assumed to take the form of D(E) = D(1 TeV)(E/1 TeV) 1/3 . Solid curves represent the results with the model A of the halo gas density while dashed curves represent that with the model B. Three different injection spectral indexes are considered (red curves for p = 2.0, black curves for p = 2.2 and blue curves for p = 2.4). Upper panel: a radial Galactic wind with a constant speed of vw = 300 km/s is assumed; Lower panel: no wind is presented. in this work is only applicable to a spatially independent diffusion coefficient, a homogeneous diffusion coefficient is still adopted for the entire halo. We then assume D(E) = D(1 TeV)(E/1 TeV) 1/3 with D(1 TeV) being a free parameter, and calculate gamma-ray flux with different spectral indexes of CRs at injection (p), and obtain an upper limit for the CR luminosity at present time by normalizing the predicted gamma-ray flux to the IGRB upper limit at the highest energy bin of 500 − 820 GeV with the central energy 700 GeV. The results are shown in Fig. 4 . For each curve, the left side is the allowed parameter space while the right side is the excluded one. Basically, the smaller the diffusion coefficient is, the more stringent the constraint on the CR luminosity will be. The turnovers in the curves when the diffusion coefficient is small are caused by two reasons: first, CRs are trapped in the wind when the diffusion coefficient is small so adiabatic losses of CRs are severe; second, even if there is no wind, since we do not count the gamma-ray produced at small latitude (|b| < 20
• ) and inside the Galaxy (which is considered as a cylin-der with a radius of 15 kpc and a half height of 3 kpc above and below the Galactic plane) into the halo contribution, a non-negligible fraction of CRs still stay in this region and hence the total CR energy budget in the halo is reduced. Given that the average slope of CR injection spectral index inferred from gamma-ray emissions of local galaxies is suggested to be p = 2.1 − 2.2 (Neronov et al. 2017; Yang et al. 2016) , we can see the current measurement on IGRB already approaches an interesting level to give a nontrivial constraint on CR luminosity for D(1 TeV) ≤ 10 30 cm 2 /s. The result with the benchmark diffusion coefficient is close to that with D(1 TeV) = 10 29 cm 2 /s. In this case, the CR luminosity could be restricted to be even smaller than the lower bound estimated in previous literature by assuming a free-escape boundary of CRs at several kpc above and below the Galactic plane (i.e., ≃ 3 × 10 40 erg/s), especially in the "no wind" case. Note that the upper limit for CR luminosity obtained in Fig. 4 may be quite conservative, because the IGRB are expected to be dominated by unresolved extragalactic sources (Ackermann et al. 2016; Ajello et al. 2015; Lisanti et al. 2016 , see also the analysis in Liu et al. 2016) , such as BL Lacs (Di Mauro et al. 2014b ) and radio galaxies (Di Mauro et al. 2014a; Hooper et al. 2016) . The room left for the halo contribution could be just a small fraction of the value of the IGRB upper limit. We expect the next generation very-high-energy gammaray detectors, such as CTA, are able to resolve more extragalactic TeV gamma-ray sources from the IGRB and then a more accurate upper limit for the halo contribution can be obtained. If so, the constraint on the Galactic CR injection would become stringent and provide useful clues to the origin of Galactic CRs. For example, provided a smaller CR luminosity, the required acceleration efficiency of supernova remnants could be lower, and other potential CR accelerators such as OB associations (Cesarsky & Montmerle 1983; Bykov 2001; Aharonian et al. 2018) , pulsars (Bednarek & Bartosik 2004) , and Galactic center (HESS Collaboration et al. 2016 ) become possible to account for the majority of Galactic CRs in terms of energy budget.
The possible inconsistency between the upper limit for Galactic CR luminosity constrained by the IGRB and the one estimated with a free-escape boundary of CRs may be explained in one or several ways. Firstly, the physical picture changes in the presence of an extended halo, since then there may be no free-escape boundary of CRs at a height of 3 − 4 kpc above and below the Galactic plane. CRs that have propagated into the halo that is far away from the Galactic plane may still have a chance to return in the presence of turbulence (Chepurnov et al. 2018) , especially if there is no large-scale convective Galactic wind or the wind is weak (see Fig. 3 ). As a result, the required CR luminosity to maintain the locally observed CR energy density is smaller. Furthermore, the previous estimation is based on the locally measured CR energy density and secondary/primary CR ratio, which might be subject to nearby CR sources and hence may not reflect the situation of the entire Galaxy. Lastly, Galactic CRs may be composed of multiple components originating from different species of sources and each source may dominate at different energies. The constraint obtained here actually only works for the source that dominates CRs at 10TeV energies which do not necessarily originate from the same source that dominates CRs at GeV energies where most CR energy is. This scenario might be implied by the recent discovery of the spectral hardening of Galactic CRs at ∼ 100GeV (e.g. Panov et al. 2009; Yoon et al. 2011; Adriani et al. 2011; Aguilar et al. 2015) .
4. DISCUSSION 4.1. Anisotropy of Gamma-ray Intensity As pointed out in previous studies (Feldmann et al. 2013; Kalashev & Troitsky 2016) , we can expect largescale anisotropy in the intensity of gamma rays produced in the halo at different Galactic longitude l and Galactic latitude b, unlike that originated from extragalactic sources which is supposed to be roughly isotropic. Particularly, due to the offset of the Earth from the GC, the gamma-ray intensity should be enhanced towards the GC direction (l = 0
• ) and is decreased towards the anti-GC direction (l = 180
• ). We here present the intensity map of 700 GeV gamma-rays produced in the halo by integrating the gamma-ray flux in the light of sight for each l and b. As exhibited in Fig. 6 , the upper panel shows the case with a wind speed of 300 km/s while the lower panels shows the "no wind" case. In both panels, the injection indexes of CRs p = 2.2 are adopted, and the gamma-ray fluxes is normalized to the upper limit of the IGRB at the highest-energy bin measured by Fermi-LAT. We can see the gamma-ray intensity varies with l and b. The presence of a large-scale Galactic wind with spherical symmetry tends to reduce the anisotropy, since the convection by the wind is isotropic and more CRs are transported to larger distance in the anti-GC direction. Remarkably, due to a higher CR density and gas density in the inner halo, the gamma-ray emissivity is relatively high and we can see a bubble-like structure above and below the GC either in the case of v w = 300 km/s or in the "no wind" case. We have also calculated the gamma-ray intensity map with employing, instead of a radial wind, a wind perpendicular to the Galactic plane for the inner 15 kpc region and a similar bubble-like structure appears all the same.
We note that whether such a structure is related to the Fermi bubble (Su et al. 2010; Yang et al. 2014) , which is mainly detected at 10 − 100 GeV with a much higher intensity, remains to be studied in detail. Given the constraint of the IGRB upper limit at 700 GeV, the 10 GeV intensity of the bubble-like region in Fig. 6 is about one order of magnitude smaller than that of the Fermi bubble. Nevertheless, we note that the real situation is much more complex. For example, the intensity of the bubble-like region can be enhanced if we consider an additional CR injection from the GC region due to its past activity (Guo & Mathews 2012; Barkov & Bosch-Ramon 2014; Crocker et al. 2015) , which is inferred from X-ray observation (Revnivtsev et al. 2004; Zhang et al. 2015) and the discovery of PeV proton accelerator at GC (HESS Collaboration et al. 2016; Liu et al. 2016; Fujita et al. 2017) . Besides, the intensity and the morphology of the bubble-like structure can be influenced by the diffusion coefficient or possible outflow in the bubble region, which are not necessarily the same with those in the rest part of the halo. Also, 10 GeV gamma rays are mainly produced by 100 GeV protons, at which energy the CR self-regulation via scattering off self-excited Alfvén waves most likely have an influence on the CR transport and result in a smaller diffusion coefficient than the benchmark one. A detailed study on the Fermi bubble is, however, beyond the scope of this work. -Gamma-ray flux (black curves) and neutrino flux (blue curve) produced in the Galactic halo, assuming maximum CR energy at injection to be Ep,max = 10 17 eV. The gamma-ray fluxes are normalized to the upper limit of the IGRB measured by Fermi-LAT at 700 GeV. Thick curves represent the results with p = 2.0 while thin curves represent the results with p = 2.2. Black solid curves are the gamma-ray flux after considering the absorption by the CMB and the black dashed ones are those before the absorption. Black filled circles with error bars represent the IGRB measured by Fermi-LAT , green slashes show the upper limit of diffuse gamma-ray flux from the northern Fermi bubble region measured by HAWC (Abeysekara et al. 2017) , yellow squares show the upper limit of the isotropic diffuse gamma-ray flux measured by KASCADE (Schatz et al. 2003) , and red dimonds show the upper limit of the isotropic diffuse gamma-ray flux measured by CASA-MIA (Chantell et al. 1997 ).
Gamma-ray and Neutrino Production at TeV-PeV
In the calculation above, we assume a maximum CR proton energy E p,max = 10 15 eV at injection. The maximum CR energy attainable in the Galactic sources could be much higher so that we may expect the gamma-ray spectrum to extend well beyond TeV energy. Highenergy neutrinos can also be produced in the pp collision. In Fig. 7 , we show the expected gamma-ray flux and neutrino flux produced in the halo by assuming E p,max = 10 17 eV and adopting gas density model A and the benchmark diffusion coefficient. The attenuation of gamma-ray by the CMB is considered, while cosmic infrared background and the infrared radiation from our Galaxy are not important to the attenuation and hence neglected. The gamma-ray flux is normalized to the upper limit of the highest-energy bin of IGRB measured by Fermi-LAT. Compared to the constraints from observations of HAWC, CASA-MIA and KASCADE above TeV, the constraint from Fermi-LAT is the most stringent as long as p ≥ 2. Also, given the constraint by TeV IGRB, the all-flavor flux of high-energy neutrinos produced in the halo can at most reach the same level of the upper limit of IGRB at 700 GeV and is smaller than the observed one by IceCube (i.e., 3 × 10 −8 GeV cm 2 s −1 sr −1 ) by one order of magnitude above 100 TeV (Aartsen et al. 2015) , unless the Galactic CRs are injected with a harder spectrum (p < 2). Note that the constraint on the neutrino flux put by the TeV IGRB is weaker for more distant sources (Chang et al. 2016) , since the attenuation of TeV gamma-rays by the cosmic infrared background will be more important.
Baryon budget of hot CGM of our Galaxy
The cosmic mean baryon fraction is found to be ≈ 16.5% from the CMB observation with high accuracy (Hinshaw et al. 2013 ). However, the total observed baryonic mass within the virial radius the Galaxy is much smaller than the inferred mass from the cosmic mean baryon fraction. This has motivated a great deal of efforts of uncovering the baryons that are "missing" from the Galaxy (for review see Bregman 2007) . There have been predictions that the missing baryons are residing in a hot state in the Galactic halo (White & Rees 1978; White & Frenk 1991) , which is known as the CGM. While Bregman et al. (2018) suggests the hot gas does not account for the missing baryons by a factor of 3 − 10, the total mass of the hot gas in the halo, however, is actually far from settled since the conclusion is suffered from the uncertainties of metallicity (Faerman et al. 2017; Qu & Bregman 2018) , radiative transfer effects (Li & Bregman 2017) , halo rotation (Hodges-Kluck et al. 2016) , and the possible flattening of the gas distribution with respect to the β model at the larger radius (Gupta et al. 2012; Faerman et al. 2017) . For example, with flatter density profile at larger radii, Faerman et al. (2017) suggest the mass of warm/hot gas is as high as 1.2 × 10 11 M ⊙ which may account for the missing baryons in the Galaxy, although Bregman et al. (2018) argue that the flattening of β < 0.4 is not consistent with the O VII column observations toward LMC and SMC.
The gas mass and their distribution in the halo is apparently important to the production of γ-ray background, therefore our results may in turn provide an independent constraint on the baryonic component of Galactic gaseous halo, if the properties of Galactic CRs can be fixed. For example, in our fiducial model A with L 0,CR = 10 41 erg s −1 , p = 2.2, v w = 300 km/s and the benchmark diffusion coefficient, in order not to overshoot the IGRB upper limit at ∼ 700 GeV, we find that the mass of the hot gas halo cannot exceed ∼ 2.6 × 10 10 M ⊙ , which is only ∼ 1.9% of the total mass the Galaxy ∼ 1.4 × 10 12 M ⊙ (Watkins et al. 2018) . Considering that the Galactic halo only contributes a fraction of the total IGRB, the constraint to the halo gas mass will be even stronger if a better estimation of the extra-galactic contribution and/or a more accurate upper limit of the IGRB at ∼ 700 GeV are obtained.
CONCLUSION
To summarize, we calculated the distribution of Galactic CRs in the extended halo after they leave the Galaxy, and the gamma-ray production by these CRs via the pp collision with the gas in the halo. Given a total gas mass of 10 10 − 10 11 M ⊙ in the halo, we found that the current measurement of the IGRB at TeV by Fermi-LAT already approaches a level that may provide an independent non-trivial constraint on the luminosity of Galactic CRs. Since the IGRB are expected to be dominated by extragalactic sources, future observations on the extragalactic gamma-ray sky may further shrink the room left for the Galactic halo contribution and provide a useful clue to the origin of Galactic CRs. Note that given an extended turbulent halo surrounding the Galaxy, CRs that leave the Galaxy will stand a chance to return. So the required CR luminosity could be smaller than that estimated in previous literature which assume a free-escape boundary of CRs at several kpc above and below the Galactic plane.
The interaction between CRs injected from Galactic plane and gas in the halo can produce a bubble-like structure in terms of gamma-ray intensity above and below the Galactic plane. Given the constraint from the IGRB upper limit at TeV, the intensity of the bubble-like structure is much smaller than that of the Fermi bubble. Additional CR injection from the GC and a distinct environment in the region (e.g., a smaller diffusion coefficient) from the rest part of the halo may help to explain the Fermi bubble in this scenario. Due to the constraints by the IGRB upper limit, high-energy neutrinos produced in the halo can reach at most 10% of the measured flux by IceCube above 100 TeV. If the properties of the Galactic CRs can be fixed, the IGRB upper limit may also be used to constrain the baryon budget of the hot gas in the halo.
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